It is demonstrated that transparent amorphous oxide semiconductors (TAOS) can be excellent thermoelectric (TE) materials, since their thermal conductivity (κ) through a randomly disordered structure is quite low, while their electrical conductivity and carrier mobility (µ) are high, compared to crystalline semiconductors through the first-principles calculations and the various measurements for the amorphous In−Zn−O (a-IZO) thin film. The calculated phonon dispersion in a-IZO shows non-linear phonon instability, which can prevent the transport of phonon. The a-IZO was estimated to have poor κ and high electrical conductivity compared to crystalline In 2 O 3 :Sn (c-ITO). These properties show that the TAOS can be an excellent thin-film transparent TE material. It is suggested that the TAOS can be employed to mitigate the heating problem in transparent display devices.
Introduction
Only approximately 30% of fossil fuel energy is used; therefore, it is desirable to utilize the huge amounts of waste energy. Thermoelectric (TE) materials that convert heat into electrical power are a promising energy technology [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The TE materials can be formed either as thin films [1] [2] [3] [4] [5] [6] [7] or as bulk [9] [10] [11] [12] [13] semiconductors. Generally, thin-film TE materials have low energy conversion rates due to their thinness compared to bulkier materials. However, an advantage of a thin-film TE material is that the efficiency can be smartly engineered by controlling the nanostructure and composition. Nanostructured TE thin films are especially useful for mitigating heating problems in highly integrated microelectronic devices by accurately controlling the temperature. Hence, there is a rising interest in thin-film TE devices. These devices have been extensively investigated [7, [14] [15] [16] .
From a material point of view, oxide semiconductors have attracted much attention due to their lower toxicities and lower prices compared to Te compounds, which are widely used and studied TE materials [2, 3] . In 2 O 3 based and ZnO based oxides have been extensively investigated as the transparent conductive oxide for their high electrical conductivity (~3 × 10 −4 Ω·cm), high transmittance (over 80%), and remarkable thermal stability at high temperature [17, 18] .
have been intensively investigated recently, especially for applications in display devices. Display devices containing organic materials encounter stability problems related to heating during operation [19] . Hence, the development of transparent TE devices is crucial. The amorphous oxide semiconductors such as a-In−Ga−Zn−O was shown to have high electrical conductivity (σ) and high carrier mobility (μ) comparable to those of the crystalline oxide semiconductor, because the spatially spread metal ns-orbitals with an isotropic shape directly overlap with their closest neighboring ns-orbitals [20, 21] . On the other hand, hydrogenated amorphous silicon (a-Si:H) has low μ because of carrier transport by hopping between localized tail-states [22, 23] .
Previous studies about TE materials as transparent conductive oxides (TCOs) were focused on correlation between figure of merit (ZT) and carrier concentration or a crystal structure. Figure 1 shows ZT values of our results and previous studies as a function of conductivity [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The ZT measured at other temperatures were calculated to 300 K. The previous studies' ZT values were high at low conductivity and decreased with increasing conductivity while our results show high ZT with high conductivity. These results are due to the trade-off relationship between Seebeck coefficient and carrier density and the carrier density being proportional to conductivity. Therefore, research about high ZT thin film with high electrical conductivity is needed. In this study, we demonstrate that the transparent amorphous oxide semiconductors (TAOS) can be much better as an excellent TE material in the amorphous state rather than crystalline oxide semiconductors. Since amorphous materials have randomly displaced atomic structures, the thermal conductivity (κ) in amorphous oxide semiconductors is expected to be lower compared to that in the crystalline state, while it maintains low resistivity values. Through first-principles electronic and lattice dynamics calculations and various experimental measurements, it is suggested that the amorphous material can have high μ and low κ. Therefore, we suggest that an a-IZO thin film could be a good candidate for a transparent high-performance TE material. This opens the possibility of its use as a transparent thin-film TE material, which will help mitigate the heating problem in transparent display devices.
Experimental Details
ITO and IZO films with a thickness of 1 ± 0.05 μm were deposited on non-alkali glass by DC magnetron sputtering (DCMS) using ITO (SnO2 10 wt.%) and IZO (ZnO 10 wt.%) single sintered targets. The films were deposited with a DC sputtering power of 70 W (power density: 1.53 W/cm 2 ). The base pressure was exhausted to 1.0 × 10 −5 torr, the total gas pressure was maintained at 5 mtorr using pure Ar gas (5N purity), and the distance between the target and the substrate was 70 mm. The substrate temperature (TS) was varied from room temperature (RT) to 250 °C. The thin-film In this study, we demonstrate that the transparent amorphous oxide semiconductors (TAOS) can be much better as an excellent TE material in the amorphous state rather than crystalline oxide semiconductors. Since amorphous materials have randomly displaced atomic structures, the thermal conductivity (κ) in amorphous oxide semiconductors is expected to be lower compared to that in the crystalline state, while it maintains low resistivity values. Through first-principles electronic and lattice dynamics calculations and various experimental measurements, it is suggested that the amorphous material can have high µ and low κ. Therefore, we suggest that an a-IZO thin film could be a good candidate for a transparent high-performance TE material. This opens the possibility of its use as a transparent thin-film TE material, which will help mitigate the heating problem in transparent display devices.
ITO and IZO films with a thickness of 1 ± 0.05 µm were deposited on non-alkali glass by DC magnetron sputtering (DCMS) using ITO (SnO 2 10 wt.%) and IZO (ZnO 10 wt.%) single sintered targets. The films were deposited with a DC sputtering power of 70 W (power density: 1.53 W/cm 2 ). The base pressure was exhausted to 1.0 × 10 −5 torr, the total gas pressure was maintained at 5 mtorr using pure Ar gas (5N purity), and the distance between the target and the substrate was 70 mm. The substrate temperature (T S ) was varied from room temperature (RT) to 250 • C. The thin-film crystallinity was determined by X-ray diffraction (XRD; Cu kα radiation at 4 keV, 40 mA, θ-2θ mode, BRUKER GADDS, Billerica, MA, USA) analysis. The electrical properties of the thin films were investigated using a Hall effect measurements system (HMS-3000, ECOPIA, Anyang, Korea).
The Seebeck coefficient (S) in the thin films was estimated using a set up Seebeck voltage measurement system. In this measurement system, one side of a sample was maintained at 33 • C, while the temperature of the other side of the sample was maintained at 33, 36, 39 and 42 • C. At this point, the Seebeck voltages were measured. S was calculated from the measured Seebeck voltages and the temperature difference (<3 • C) of the sample (S = ∆V/∆T).
We estimated the ZT by estimating the value of κ for the thin film. The parameter for evaluating the efficiency of TE materials is the ZT, which is defined as follows:
where σ is the electrical conductivity, T is the absolute temperature, κ e is the electron thermal conductivity, and κ l is the phonon thermal conductivity. The power factor (PF) is defined as Equation (2):
Generally, properties of thin-film TE materials are evaluated by using only PF, because it is hard to measure κ in thin films due to their low thickness compared to the substrate [40] . In his study, ZT was used to evaluate the properties of the TE thin film using the estimated κ value for the thin film. The κ value can be calculated by Equation (3) as follows:
where κ, α, ρ, and C p are the total thermal conductivity, thermal diffusivity, density of the thin film, and specific heat of the thin film, respectively. The value of α was measured by the time-domain-thermo-reflectance (TDTR) method, which is a pump-probe optical technique for measuring the thermal properties of materials. The ρ value was measured by using X-ray reflectometry (XRR, EMPYREAN PANalytical, Worcestershire, UK), and a previously reported C p was used [41] . By using these values, the κ and ZT values were evaluated for the thin films.
First-Principles Atomic Calculations
We performed the first-principles electronic structure calculations to understand the electrical property and the lattice dynamics, which should help to understand the TE properties of amorphous oxides. The calculated values for a-IZO and c-ITO are compared.
First principles calculations were performed with the Vienna ab-initio simulation package (VASP, 5.4.4) [42] using the project augmented wave (PAW) [43] formalism, Perdew-Burke-Ernzerhof (PBE) exchange correlation functional [44] approach, and generalized gradient approximation (GGA). The GGA + U method was used to describe the localized semi-core state of the In-3d and Zn-3d orbitals [45] . We used U = 7 eV for these orbitals, where the semi-core orbitals of Zn-3d is located below the valence band, which describes the microscopic and electronic structure of ZnO better. The U = 7 was applied also to In-d level for consistency to the Zn case.
The atomic structure of c-ITO was simulated by using an In 2 O 3 supercell that consists of 160 atoms, including one Sn donor at an In-site. The atomic structure of a-IZO was generated through an ab-initio molecular dynamics simulation and thermal quenching simulation. In order to generate the metastable amorphous structure, we used a supercell consisting of 150 atoms. We employed the following molecular dynamics processes when performing our calculations. (1) The atoms were randomly located within the supercell, and (2) the melting process was performed at 3500 K with a 1 fs time step; (3) We performed a quenching process. The temperature was slowly lowered to RT, and the atomic structure was fully relaxed through the minimization of atomic forces. In this process, the thermal energy is not fully relaxed; hence, the metastable amorphous structure can be generated; (4) We repeated the above Processes (2) and (3), and the lowest energy structure was chosen. This randomly displaced metastable structure does not fully represent the amorphous structure, but we can gain insight into the physical properties of the amorphous structure.
We calculated the electronic structure of the metastable random structure by using first-principles electronic structure calculations, and phonon dispersion was calculated using the PHONOPY package (1.11.2.80) [46] coupled with the VASP package (5.4.4).
The atomic structure of disordered In−Zn−O simulating an amorphous state and crystalline ITO generated by the molecular dynamics simulation are described in Figure 2 . In contrast to c-ITO, the a-IZO structure is severely distorted and the atoms have random locations. We calculated the electronic structure of the metastable random structure by using firstprinciples electronic structure calculations, and phonon dispersion was calculated using the PHONOPY package (1.11.2.80) [46] coupled with the VASP package (5.4.4).
The atomic structure of disordered In−Zn−O simulating an amorphous state and crystalline ITO generated by the molecular dynamics simulation are described in Figure 2 . In contrast to c-ITO, the a-IZO structure is severely distorted and the atoms have random locations. The calculated electronic structure of c-ITO and the generated a-IZO are compared in Figure 3 . Remarkably, both the conduction band edges of c-ITO and a-IZO show similar free-electron-like dispersion. Interestingly, even a-IZO shows free-electron-like behavior at the conduction band minimum (CBM). The electron wave function at the CBM is shown in Figure 2d , which is well delocalized, similar to that of c-ITO shown in Figure 2b . On the other hand, the band dispersion of the valence band maximum (VBM) is not free-carrier-like in a-IZO, in contrast to c-ITO. The hole carrier wave function at the VBM in a-IZO is shown in Figure 2c . The hole carrier wave function is strongly localized compared to that of c-ITO. The estimated electron effective mass (me) is 0.206 in ideal In2O3 and 0.209 in crystalline In63SnO96. The value becomes 0.235 for In55Sn9O96, indicating that it becomes larger in the presence of Sn. On the other hand, the me in In63ZnO96 is calculated to be 0.204 in the presence of Zn, which is similar to that for Sn-doped In2O3. However, the value becomes 0.191 for a higher concentration of In55Zn9O96.
For a-In−Zn−O, the estimated me in amorphous In54Zn8O88 is 0.181-0.185 and is nearly independent of the k-direction, which is surprisingly smaller than the value in c-ITO, as expected from the wave function. Since the band width of the conduction band edge in a-IZO is comparable to that in c-ITO, the effect of defects and thermal vibration should be weak, according to the Anderson The calculated electronic structure of c-ITO and the generated a-IZO are compared in Figure 3 . Remarkably, both the conduction band edges of c-ITO and a-IZO show similar free-electron-like dispersion. Interestingly, even a-IZO shows free-electron-like behavior at the conduction band minimum (CBM). The electron wave function at the CBM is shown in Figure 2d , which is well delocalized, similar to that of c-ITO shown in Figure 2b . On the other hand, the band dispersion of the valence band maximum (VBM) is not free-carrier-like in a-IZO, in contrast to c-ITO. The hole carrier wave function at the VBM in a-IZO is shown in Figure 2c 
the VBM, some localized band tail states develop in the a-IZO, differently from the c-ITO. The IPR value at VBM of a-IZO becomes 29.3. Furthermore, the band dispersion at the VBM of a-IZO is nearly flat. Thus, it is expected that the hole carrier mobility is low in a-IZO. Figure 4 shows the calculated phonon dispersion relations in c-ITO and a-IZO. It is found that the phonon band in a-IZO is very different from that in c-ITO. The dispersion of the low energy phonon is flatter in a-IZO, which indicates that the phonon velocity should be lower than that in c-ITO. Furthermore, a-IZO shows a negative phonon frequency, indicating some phonon anomaly. It indicates that some phonons should be absorbed and destroyed more easily in the amorphous state compared to the crystalline state. Based those calculated results, we suggest that a-IZO should have good electrical n-type conductivity and poor κ, which are desirable for excellent TE materials. Conventionally, the 2-dimensional structured materials have been investigated to obtain the poor κ.
Here it is shown that the poor κ is simply achieved by the amorphous structure. For a-In−Zn−O, the estimated m e in amorphous In 54 Zn 8 O 88 is 0.181-0.185 and is nearly independent of the k-direction, which is surprisingly smaller than the value in c-ITO, as expected from the wave function. Since the band width of the conduction band edge in a-IZO is comparable to that in c-ITO, the effect of defects and thermal vibration should be weak, according to the Anderson localization concept, in both a-IZO and c-ITO.
In order to describe the localization characters of the wave functions, we performed the inverse participation ratio analysis of the wave functions of the electronic states. Through the angular momentum decompositions of wave functions and the summation of orbital components belonging to atoms, Ψ i (E) = ∑ i c i, E φ i were obtained, where i denotes atom, and ϕ i includes all atomic orbitals of an i-atom. The normalized inverse participation ratio of the atomic mapping of the wave functions was calculated by the Equation (4):
The IPR = 1 describes that a wave function is equally distributed over all atoms. The larger value of IPR indicates the more serious localization at some atoms. The calculated results of IPR(E) depending on the energy are shown at the right of the band structures in Figure 3 . The calculated IPR indicate that the conduction band edges of both c-ITO and a-IZO are similarly well delocalized, and the IPR values are about 1.2 for both c-ITO and a-IZO. These results indicate that a-IZO should have good electrical conductivity and high µ, comparable to those of c-ITO. On the other hand, around the VBM, some localized band tail states develop in the a-IZO, differently from the c-ITO. The IPR value at VBM of a-IZO becomes 29.3. Furthermore, the band dispersion at the VBM of a-IZO is nearly flat. Thus, it is expected that the hole carrier mobility is low in a-IZO. Figure 4 shows the calculated phonon dispersion relations in c-ITO and a-IZO. It is found that the phonon band in a-IZO is very different from that in c-ITO. The dispersion of the low energy phonon is flatter in a-IZO, which indicates that the phonon velocity should be lower than that in c-ITO. Furthermore, a-IZO shows a negative phonon frequency, indicating some phonon anomaly. It indicates that some phonons should be absorbed and destroyed more easily in the amorphous state compared to the crystalline state. Based those calculated results, we suggest that a-IZO should have good electrical n-type conductivity and poor κ, which are desirable for excellent TE materials. Conventionally, the 2-dimensional structured materials have been investigated to obtain the poor κ. Here it is shown that the poor κ is simply achieved by the amorphous structure. 
Experimental Measurements and Discussion
ITO and IZO are typical transparent materials, however it is well known that the ITO is easily crystallized, whereas the In−Zn−O formed at low-temperature deposition tends to be amorphous [47, 48] . Therefore, we compared the TE properties of these two materials. Figure 5 shows the XRD patterns of the ITO and IZO thin films deposited at various temperature: RT, 200, and 250 °C. In the ITO films, all films showed the character of crystallized structure, regardless of substrate temperature (TS). The sample deposited at RT shows a prevalent preferred orientation C (222). However, the sample deposited at 200 and 250 °C shows a preferred orientation of (400). The peak intensity increased relative to TS, and the C (400) peak that appears near 2θ = 35° sharply increased. In general, the ITO thin film shows a preferential orientation, as indicated by the C (222) peak. However, in this case, the ITO film shows a C (400) preferential orientation caused by high energy bombardment, which occurs during relatively long deposition times, compared to the ITO thin film with thickness of 150 nm. It is well known that reflected neutral Ar and negative oxygen ions form during sputtering, and these high-energy particles cause the sputtered films to crystallize during deposition [48] [49] [50] [51] .
On the other hand, it is shown that the In−Zn−O deposited at RT exhibited the character of amorphous structure [52, 53] . The IZO deposited at higher TS was partially crystallized. The samples deposited at 200 and 250 °C show a C (222) peak near 2θ = 30°, which indicates a crystalline structure. It is confirmed that the crystallization temperature of an In−Zn−O film with 1 μm thickness is between RT and 200 °C. It is found that the IZO sample deposited at RT could have a higher ZT value due to a low κ value in the amorphous structure, to be discussed below.
In Figure 6 , we compare the resistivity, carrier density (n), and μ of (a) ITO and (b) IZO thin films deposited at RT, 200, and 250 °C. Notably, the resistivity of the ITO film decreased at higher TS values, whereas that of IZO increased. Even if the a-IZO film deposited at RT is in the amorphous state, it 
ITO and IZO are typical transparent materials, however it is well known that the ITO is easily crystallized, whereas the In−Zn−O formed at low-temperature deposition tends to be amorphous [47, 48] . Therefore, we compared the TE properties of these two materials. Figure 5 shows the XRD patterns of the ITO and IZO thin films deposited at various temperature: RT, 200, and 250 • C. In the ITO films, all films showed the character of crystallized structure, regardless of substrate temperature (T S ). The sample deposited at RT shows a prevalent preferred orientation C (222). However, the sample deposited at 200 and 250 • C shows a preferred orientation of (400). The peak intensity increased relative to T S , and the C (400) peak that appears near 2θ = 35 • sharply increased. In general, the ITO thin film shows a preferential orientation, as indicated by the C (222) peak. However, in this case, the ITO film shows a C (400) preferential orientation caused by high energy bombardment, which occurs during relatively long deposition times, compared to the ITO thin film with thickness of 150 nm. It is well known that reflected neutral Ar and negative oxygen ions form during sputtering, and these high-energy particles cause the sputtered films to crystallize during deposition [48] [49] [50] [51] . The ITO film deposited at a higher temperature clearly showed a higher μ value. However, the n value in the sample grown at 250 °C is lower than that in the sample grown at 200 °C, despite the fact that μ was higher for a higher TS value. The lower n value for TS = 250 °C is due to a decrease of oxygen vacancies that comes from higher crystallinity [33, 36, 37] . Figure 7 shows a comparison between the S and PF value in the ITO and IZO films deposited at various TS values. In degenerated semiconductors, S is generally defined as follows:
Every film has a negative S value, since these materials are n-type semiconductors. The value of S decreased in the case of ITO films with an increased TS value, whereas it increased in a-IZO. On the other hand, it is shown that the In−Zn−O deposited at RT exhibited the character of amorphous structure [52, 53] . The IZO deposited at higher T S was partially crystallized. The samples deposited at 200 and 250 • C show a C (222) peak near 2θ = 30 • , which indicates a crystalline structure. It is confirmed that the crystallization temperature of an In−Zn−O film with 1 µm thickness is between RT and 200 • C. It is found that the IZO sample deposited at RT could have a higher ZT value due to a low κ value in the amorphous structure, to be discussed below.
In Figure 6 , we compare the resistivity, carrier density (n), and µ of (a) ITO and (b) IZO thin films deposited at RT, 200, and 250 • C. Notably, the resistivity of the ITO film decreased at higher T S values, whereas that of IZO increased. Even if the a-IZO film deposited at RT is in the amorphous state, it shows the lowest resistivity (4.644 × 10 −4 Ω·cm), highest µ, and highest n values. The high n value should be due to non-stoichiometry by oxygen deficiency. As T S increase, both µ and the n decrease, which are understood to be due to improved crystallinity that causes decrease of oxygen vacancy. The ITO film deposited at a higher temperature clearly showed a higher μ value. However, the n value in the sample grown at 250 °C is lower than that in the sample grown at 200 °C, despite the fact that μ was higher for a higher TS value. The lower n value for TS = 250 °C is due to a decrease of oxygen vacancies that comes from higher crystallinity [33, 36, 37] . Figure 7 shows a comparison between the S and PF value in the ITO and IZO films deposited at The ITO film deposited at a higher temperature clearly showed a higher µ value. However, the n value in the sample grown at 250 • C is lower than that in the sample grown at 200 • C, despite the fact that µ was higher for a higher T S value. The lower n value for T S = 250 • C is due to a decrease of oxygen vacancies that comes from higher crystallinity [33, 36, 37] . Figure 7 shows a comparison between the S and PF value in the ITO and IZO films deposited at various T S values. In degenerated semiconductors, S is generally defined as follows: The highest PF value (310.4 μW K −2 m −1 ) was observed in ITO deposited at 200 °C, whereas the highest PF value was observed in the a-IZO sample deposited at RT (PF: 354.6 μW K −2 m −1 ). PF was calculated by Equation (2) , and the electrical conductivity was calculated using σ = nеμ. In Equation (2) S and the conductivity values show a trade-off with respect to n, since σ ~ n, whereas S ~ 1/n. On the other hand, the electrical conductivity is proportional to μ.
We compared the best TE properties observed in c-ITO (TS = 200 °C) to those in the as-grown a-IZO in Table 1 . An important finding is that a-IZO has much better TE properties compared to c-ITO, and a-IZO has a ZT value nearly twice that of c-ITO. Since their electrical conductivities are similar, the difference in TE properties are primarily due to a difference in κ, as expected from the theoretical calculation. The κ value in these materials is the sum of electron thermal conductivity (κe) and phonon thermal conductivity (κl) values. The κe value was estimated using the Equation (6) WiedemannFranz law [38] :
where L0 is the Lorentz constant. The κl value was estimated by subtracting the κe value from the κ value determined by TDTR. There are no significant differences in κe between c-ITO and a-IZO because they have similar n, although κe in a-IZO is slightly lower than that in c-ITO. This difference arises due to the structural properties. However, κl in c-ITO is much higher than in a-IZO, as expected, since the atomic structure of a-IZO should have random distortions as shown in Figure 2 . Accordingly, the κ value in a-IZO is lower than that in c-ITO. In the case of an a-IZO thin film, the ZT value is high due to good electrical conductivity, while the low κ value is due to the amorphous structure. Every film has a negative S value, since these materials are n-type semiconductors. The value of S decreased in the case of ITO films with an increased T S value, whereas it increased in a-IZO.
The highest PF value (310.4 µW K −2 m −1 ) was observed in ITO deposited at 200 • C, whereas the highest PF value was observed in the a-IZO sample deposited at RT (PF: 354.6 µW K −2 m −1 ). PF was calculated by Equation (2) , and the electrical conductivity was calculated using σ = neµ. In Equation (2) S and the conductivity values show a trade-off with respect to n, since σ~n, whereas S~1/ n. On the other hand, the electrical conductivity is proportional to µ.
We compared the best TE properties observed in c-ITO (T S = 200 • C) to those in the as-grown a-IZO in Table 1 . An important finding is that a-IZO has much better TE properties compared to c-ITO, and a-IZO has a ZT value nearly twice that of c-ITO. Since their electrical conductivities are similar, the difference in TE properties are primarily due to a difference in κ, as expected from the theoretical calculation. The κ value in these materials is the sum of electron thermal conductivity (κ e ) and phonon thermal conductivity (κ l ) values. The κ e value was estimated using the Equation (6) Wiedemann-Franz law [38] :
where L 0 is the Lorentz constant. The κ l value was estimated by subtracting the κ e value from the κ value determined by TDTR. There are no significant differences in κ e between c-ITO and a-IZO because they have similar n, although κ e in a-IZO is slightly lower than that in c-ITO. This difference arises due to the structural properties. However, κ l in c-ITO is much higher than in a-IZO, as expected, since the atomic structure of a-IZO should have random distortions as shown in Figure 2 . Accordingly, the κ value in a-IZO is lower than that in c-ITO. In the case of an a-IZO thin film, the ZT value is high due to good electrical conductivity, while the low κ value is due to the amorphous structure. 
Conclusions
It has been demonstrated through first-principles calculations and various experimental measurements that the transparent amorphous oxide semiconductor (TAOS) can function as an excellent thermoelectric material. It was shown that a-IZO can have high µ and electrical conductivity values, while having a low κ value. The first-principles calculations show that a-IZO has a lattice instability in the randomly distorted structure, which should prevent the phonon transport; meanwhile, the conduction band of a-IZO has a well-delocalized free-electron-like state, indicating that the µ should be comparable to that of crystalline oxide semiconductor. We estimated the electrical and TE properties of a-IZO and c-ITO and confirmed that the ZT values in a-IZO is approximately twice that in c-ITO. These results can be explained by the low κ l value in a-IZO, while the PF values in c-ITO and a-IZO are comparable. Based on these results, we suggest that the thin-film TAOS should be an excellent thermoelectric material and can be engaged to resolve the heating problem in transparent display devices.
